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perhaps as contrasted with quasi-pendular movement, exhibits an efficiency 
varying directly with the weight or mass in such a way that the cost is 
diminished by increase of mass, as if the different mechanical considerations 
involved in this separable process arranged the mass in the other pan of 
the scales of cost. 



The Typical Form of the Cochlea and its Variations. 

By Henry J. Watt. 

(Communicated by Prof. D. Noel Paton, F.E.S. Eeceived October 3, 1916.) 

The work of this paper is based upon the photographic and descriptive 
material presented by Dr. A. A. Gray in his two volumes on ' The 
Labyrinth of Animals/ published by J. and A. Churchill, London, in 1907 
and 1908.* I have succeeded in extracting from that impressive mass of 
material definite results that seem to be of some importance. 

The dimensions of "the cochlea measured by Dr. Gray are : (1) the 
diameter of the lowest whorl and (2) of the second whorl ( <c taken in a 
plane which passes vertically through the apex of the cochlea and the 
anterior margin of the round window ") ; (3) the diameter of the tube of the 
cochlea in front of the round window; (4) the major axis of the oval 
window : (5) the slant height of the cochlea (" the distance from the upper 
margin of the round window to the apex of the organ ") ; and (6) the number 
of turns of the cochlea. 

I found it desirable to add to these a measurement of the total length of 
the basilar membrane. That must surely represent more closely and 
directly than anything else the pitch-range of hearing. Fortunately, a 
close study of Gray's wonderful photographs showed that an approximate 
measurement of the length of the basilar membrane (as of the outside edge 
of the cochlear tube) could be got from them. The symmetrical shape of 
the cochlea makes it possible to measure the diameters of the successive 
whorls, no matter from what angle the photograph was taken. (The reader 
must consult Gray's pictures.) With the help of Gray's measurements of 
the diameters of the first and second whorls, by close attention to the 
consistency of these with the dimensions visible in the photograph, and by a 
careful comparison of the different photographs showing the cochleas of 

* Of. also 'Roy. Soc. Proc.,' B, vol. 78, p. 284 ff. (1906), and B, vol. 80, p. 507 if. (1908). 
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different animals from the same relative angle, I made what I think is a 

close approximation to the actual length of. the basilar membrane. In this 

way I constructed a scale drawing of the basilar membrane as seen from 

above on the axis of the modiolus, and I measured its length with a rotary 

map measurer. The reader who is not familiar with Gray's photographs 

will find that they are much more transparent, 

and that, consequently, much more detail is 

visible in them, than he might be inclined to 

expect. Fig. 1 gives, as an example, a difficult 

case in which Dr. Gray's photograph presents a 

view of the cochlea from a point on a line at 

right angles to the axis of the modiolus. 

Doubtless there is a variable error, which 

probably never exceeded 2 or 3 mm., and was 

usually much less. And even that maximum is Fig. i._ (See A. A. Gray : 

fairly small in comparison with most of the 'The Labyrinth of Animals,' 

^ vo l j Plate XI The 

leiiQ-ths recorded. The small error caused by the ' ! .^, , , \ s 

& J Tiger.) x Sf (about). 

rising of the cochlea to an apex I neglected 

entirely. For a basilar membrane of 52*4 mm. (Eb. 12) the error neglected 
is not more than 0*16 mm. For Mo. 52 the error is 0*1 mm. for a length of 
16*3 mm. The results obtained confirm my estimate of the reliability of 
the measurement of the basilar membrane. 

In order to trace the connection between the dimensions of the cochlea 
and those of the body as a whole, I sought for a measurement which would 
represent this. I found that one had been recorded by E. Lydekker for 
most of the species represented in Gray's work, namely, the length of the 
head and body, not including the tail. For the aquatic mammals I took the 
length of the whole body. The method is rough, but no other was 
available, and, under the circumstances, it is probably good enough. 

A. The Typical Form of the Cochlea.— -Table I gives the values of the 
coefficient of correlation between the various series of measurements, and of 
the probable error, derived with the use of Karl Pearson's formulae. I have 
neglected here any consideration of " the slant height of the cochlea," as 
that is from its definition much less a matter of the height of the cochlea 
than of the diameter of the lowest whorl, which is given independently. 

1. There is an absolutely certain positive correlation between the 
diameter of the lowest whorl, on the one hand, and, on the other hand, 
the diameter of the second whorl, the length of the basilar membrane in the 
first two whorls, the total length of the basilar membrane, the major axis of 
the oval window, and the diameter of the tube of the cochlea. These two 
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last have also a high positive correlation with one another {vide Table I, 
Note 1). The correlation with the length of the head and body is of the 
same order {vide Note 2). 

Table I. — The Cochlea of Mammals. Correlation Coefficients (from 
K. Pearson's formula). 51 or 52 organs (42 for the length of the 
basilar membrane). 



.Diameter of the 
lowest whorl. 



Length of the 
basilar membrane. 



The number 
of whorls. 



Diameter of lowest whorl 
Diameter of second whorl 



Length of the basilar membrane 

Major axis of the oval window 

Diameter of the tube of cochlea 

Diameter of second whorl , 

— - jr-71 ; r~ P er cent - . 

Diameter or first whorl 



{ 



•970 db 
•963* ± 
•954 db 
•914 db 
•806 db 



•006 
•008 
•009 
•015 
•033 



} 



•417 d= '077 



•954 db 


•009 


•088 ± 


•092 


•931 ± 


•014 


•070 ± 


•092 


— 




•155 db 


•101 


•812 ± 


•035 


•035 ± 


•094 


•760 ± 


•044 


•195 ± 


•090 


•349 db 


•091 


•000 ± 


•094 



* For the length of basilar membrane in the first two whorls. — 

(1) r for diameter of tube of cochlea to major axis O.W. = '828 ± '030; 

(2) r for diameter of lowest whorl to length of head and body = '864 dr *024. 



2. The series of correlations for the length of the basilar membrane 
appears in the second column of the Table. It will be seen that it is 
parallel in its degrees to the series appearing in the first column, but that 
the values of the second column, with the exception of the reciprocal pair, 
are all . smaller than those of the first, while the values of the probable 
error are, of course, larger. If the length of the basilar membrane and the 
diameter of the lowest whorl were perfectly correlated with one another, 
this difference between the two columns would mean that my measurement 
of the length of the basilar membrane is subject to a variable error that is 
probably greater than the error made by Dr. Gray in his direct measure- 
ments, but that is still not disturbing. But, as we shall see, the relative 
length of the basilar membrane is subject to special variations in relation to 
the number of whorls of the cochlea (vide below, B). These fluctuations 
would account for some part of the difference between the two columns. In 
any case, my measurements of the length of the basilar membrane may be 
taken as good. 

3. There is no correlation at all between the number of whorls and the 
diameter of the lowest, or even of the second, whorl, or the major axis of the 
oval window, or the percentage relation of the second whorl to the first. The 
other two correlations, with the diameter of the tube of the cochlea and with 
the total length of the basilar membrane, are too small to be of any 
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significance. There is, then, no correlation between the number of whorls 
and any other dimension of the cochlea. 

4. Fig. 2 gives the distribution of the frequency of the different numbers 
of whorls, i.e. there were amongst the 52 organs of mammals measured by 



10 times 




i w/?or/s 2 3 4 

Fig. 2. — Number of Whorls — Distribution of Frequency of each Number, 

Dr. Gray, three organs having 1|- whorls, five having If whorls, and so on. 
One organ had 4 J whorls. The figure shows a striking evenness of 
distribution about a point between 2|- and 2| whorls. The average number 
of whorJs of all 52 organs is 2*56 whorls, or a little more than 2| turns. 
Thus, the average and the highest frequency agree. We may therefore put 
down the typical number of whorls of the mammalian cochlea as two and a 
half. 

5. The absence of correlation between the number of whorls and the 
diameter of the second whorl is interesting. It means that the addition of a 
third whorl (or of more than one) does not necessitate an expansion of the 
second whorl to make more room for it. Generally the other whorl is merely 
added on where the second one stopped without any change in the other 
dimensions of the cochlea. 

6. The two negative correlations of the " ratio of the diameter of the second 
whorl to that of the first " seem to indicate that the bigger the cochlea is, the 
greater is its rate of curvature, i.e. the smaller is the diameter of the second 
whorl relatively to that of the first. This correlation, especially as relating 
to the diameter of the first whorl, approaches towards being a practical 
certainty. The coefficient is almost 5 J times the amount of the probable 
error, 6 times yielding practical certainty of correlation. 

7. In this connection reference may be made to the only other description 
applied to the cochlea by Dr. Gray, namely, the distinction of the " flat " from 
the " sharp " cochlea. In the latter the whorls seem to be piled on the top 
of one another ; in the former the second whorl lies more or less in the coil 
of the first. This difference is connected with the ratio of the diameter of the 
second whorl to that of the first. If an arbitrary numerical value be given 
to Dr. Gray's degrees of flatness and sharpness: very sharp or sharp and 
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convex, 6 ; sharp but concave, 5 ; sharp, 4 ; medium, 3 ; flat, 2 ; very fiat, 1 : 
then there is a correlation of ~j-0'482 + 0*071 between these values and the 
ratio of the diameter of the second whorl to that of the first. This correlation 
is a practical certainty, though not quite decided (i.e. > -fO'50). The sharp 
cochlea has the second whorl relatively wide. A better basis of correlation 
would probably have been a measurement of the real height of the cochlea, 
i.e. the vertical distance from the level of the under edge of the lowest whorl 
to the apex of the organ. 

We may sum up the data and conclusions thus far by saying that the 
cochlea is built according to a constant plan, of which the scale alone varies 
from case to case. This scale shows a decidedly high correlation with the 
size of the organism as a whole. A change of scale will obviously alter all 
the dimensions recorded except the number of whorls. But even that 
number, when it varies independently, does not alter the other dimensions of 
the cochlea. The only other variant thus far detected is the rate of curvature 
of the spiral, which is greater in the bigger scale organs. 

Fig. 3 shows graphically the relation between the various dimensions of 
the cochlea on the principle of moving averages. The serial arrangement of 
the organs follows the increase of the diameter of the lowest whorl. The 
five lowest values were averaged ; then the lowest was omitted and the sixth 
value in order of size was taken up instead, and the resulting group of five 
values was averaged ; and so on, through the whole series. 

8. For the cochlea of birds Grav gives the measurements of 17 organs of 
different species. The coefficients of correlation between the three series of 
measurements given, the major axis of the oval window, the diameter of the 
tube of the cochlea, and the length of the tube (i.e. including the lagena), 
appear in Table II. The values are not so high as those of Table I, but there 
is a clear correlation between the major axis of the oval window and the 
length of the tube of the cochlea. 

Table IL— The Cochlea of Birds (17 Organs), 



Length of tube 
of cochlea. 



Diameter of tube 
of cochlea. 



Major axis of oval window 
Diameter of tube of cochlea 



•754 ± *070 
•508 db '121 



•600 ± '104 



For the reptiles and amphibians Gray gives the measurements of only four 
or five organs. One of these— the black pointed teguixin — is clearly of the 
avian type. This group is distinguished, as Gray says, only by a shorter 
cochlear tube. It is too small to be treated statistically. 
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B. The Variations in the Form of the Cochlea.— Having thus shown that 
the mammalian cochlea is an organ of a definite type, we may enquire 
whether there is any regularity in the way in which the cochleas of different 
species deviate from the type. In order to ascertain this I divided each 
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Fig. 3.- — Cochlea of Mammals (Moving Averages). 



measurement of each organ given by Gray (with the exception of " the slant 
height of the cochlea ") and my estimate of the length of the basilar 
membrane by the diameter of the lowest whorl of that organ. The resulting 
values I may call the cochlear indexes of the organ. 
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9. It may be of interest to state the average index build of the mammalian 
cochlea ; in relation to the diameter of the lowest whorl of the cochlea the 
proportions are : — 

Second whorl . 0*61 

Diameter of tube in front of round window 0'44 

Major axis oval window 0'32 

Length of basilar membrane 5*65 

Number of whorls (absolute) 2*5 -f 

In Table III the correlations between the different cochlear indexes are 
given. The following conclusions may be drawn :— 

Table III. — Cochlear Indexes. (Index = any dimension divided by the 

diameter of the lowest whorl.) 



! 
! 


Basilar membrane. 


Tube of the 
cochlea. 


Major axis 

of oral 

window. 


Second 
whorl. 


i Number of whorls 


•780 ± -040 
(- -042 ± -110)* 

•494 ± -077 
- '069 ± '102 

•325 ± -101 


•060 ± -093 

•500 ± '070 
•362 ± "082 


•051 db '094 
•094 ± '093 


•000 ± -093 


j Second whorl ; 




! Major axis of oval window ... 
j Diameter of tube of cochlea . . . 





* Between the number of whorls and the index of the basilar membrane contained in the first 
two whorls. 

10. There is a high correlation between the number of whorls and the 
index of the basilar membrane, but not between the former and any other 
cochlear index. This confirms the conclusion of (5) that variation in. the 
number of whorls from the typical number two and a half occurs without 
any alteration in the basal plan of the cochlea ; extra turns are added on at 
the top of the cochlea by simple continuation of the whorl, or if the turns 
are fewer than usual, the whorl simply stops short at the required point. 
The cochlea does not grow by accretions at the base as a shell does, but by 
accretions at the apex ; if it grew in the former way, all the dimensions of 
the cochlea would be correlated highly and positively with the number of its 
whorls, which is not the case; there is not even any correlation between the 
number of turns and the index of the length of the basilar membrane 
contained in the first two whorls (vide note to Table III). 

11. There is also a- positive- correlation— practically certain, if not quite 
decided— between the index of the basilar membrane and the index of the 
second whorl. This evidently means that the basilar membrane may be 
increased by an increase in the diameter of the second whorl as well as by 
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the addition of further whorls to the number that was more remotely 
inherited. 

This result may seem to contradict that reached above (6), that there is a 
fair sign of a negative correlation between the absolute length of the basilar 
membrane or the diameter of the lowest whorl and the index of the second 
whorl (diameter of the second whorl divided by that of the lowest whorl). 
But there is really no contradiction. For there is no correlation between 
the absolute length of the basilar membrane and the index of the basilar 
membrane. Therefore there may well be an increased rate of curvature for 
absolutely long basilar membranes (large cochleas) and a decreased rate for 
relatively long ones. 

12. When the index of the second whorl varies, the index of the diameter 
of the tube of the cochlea varies in the same direction. This is a practically 
certain and almost decided correlation. We might well expect a cochlear 
tube that is thicker than usual to coil less willingly, as it were, and so to 
give a wide second whorl. If the other dimensions of the cochlea, including 
the number of whorls, then remained typical, the basilar membrane would be 
longer for that organ than it usually is for any organ. 

13. The correlation between the index of the basilar membrane and that 
of the diameter of the cochlear tube at its base is low and uncertain, being 
only three times the probable error. This would confirm the inferences 
made in (11) and (12) that in these connections the diameter of the cochlear 
tube, not the basilar membrane, is the leading variant. 

14. This is further supported by the correlation indicated between the 
indexes of the major axis of the oval window and of the cochlear tube. 
There is no correlation between the former and the index of the basilar 
membrane. 

We may sum. up again by saying that there are two sources of change in 
the length of the basilar membrane. The chief one is its own absolute 
increase in length, which appears in a greater number of whorls than usual. 
The other is the relative increase in the diameter of the tube of the cochlea. 
There are no other internal variations in the dimensions of the cochlea than 
these. 

15. In Table IY will be found the ranking of the mammals according to 
the index of the basilar membrane. The column marked " No." gives the 
order of succession in which the organs measured are given in Dr. Gray's 
two volumes, but Dr. Gray himself numbered only the somewhat smaller 
number of photographs in his books. The absolute length of the basilar 
membrane is my estimate from Gray'p photographs. For the other measure- 
ments upon which this paper is based, see Gray's two volumes. 

VOL. LXXXIX. — B. 2 M 
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Table IV. 



No. 



Animal. 



Index of 

basilar 

membrane. 



No. of 
whorls. 



Absolute 
length of 

basilar 
membrane. 



Ranking 

of 

basilar 

membrane. 



20 
18 
39 
37 
47 
12 
2 
29 
5 
19 
17 
16 
3 

31 

13 

35 
7 
4 

38 
9 

25 

51 

52 

45 

10 

22 
8 

49 

21 

26 

46 

30 

23 

42 
1 

28 

32 

41 

24 

27 
43 
40 
44 



Common Weasel 

Mongoose 

Py oara ,.,«..«.»,,..,, 

Hairy-footed Jerboa ............ 

Vulpine Phalanger 

Yellow-faced Baboon 

Common Pig. 

Iloeheur Monkey .................. 

Offpr 

Aard Wolf 

-*~S r") *»* *** *•* »»»*** *•* e • * « « • *****•#•» •*• 
-L^Xi.li* *JV ri-\-yJ\j « * * * # » **»♦♦• » » » »*#♦**»>»* ••» 

Three-toed Sloth 

Common Rat. 

Common Marm oset 

Green Monkey 

Common Squirrel. 

Slow Boris, 

Beisa Antelope 

Brush-tailed Phascologale 

Short-nosed Bandicoot 

Brush-tailed Wallaby ............ 

Indian Fruit Bat 

Common Seal ..................... 

Mongoose Lemur 

Pouched Jerboa Mouse 

Crab-eating Racoon 

Indian Gazelle 

Black-faced Kangaroo 

■■*■ ■•*■ wX DC **•«*«**• *«»•***#* »»* * * » »#* •»* »** 

G-rey Seal 

Whale 

Dromedary .., 

Tamanduan Anteater 

Common Mole 

Cape Sea Lion 

Common Sheep 

Porpoise. ............... .............. 

Hedgehog 

Sea Cow.,,.. . 



* 9 » * * * • i 



»**»»» 



*#*»#»'*«*< 



8*16 




7-86 


3 


7'34 


4-i 


7*08 


9A 
4% 


6*92 


£>4 


6*55 


O4 


6*47 


3| 


6*40 


«*A 
®'2 


6-37 


93 

*4 


6*35 


3 


6 *34 


04 


6*16 


U4 


6-12 


93 


5*93 


QA. 


5*82 


Ql 

O4- 


5'80 


4U4 


5 "69 


9 3 
"4, 


5-66 


98 

-"4 


5 *60 


93 

^4 


5-52 


2± 


5 *47 


24 


5*43 


2i 


5*43 


2* 


5*38 


3 


5*34 


2 


5*31 


ol 
«4 


5*28 


2i 


5*25 


i 3 

A 4 


5*25 


2| 


5*24 


21- 


5*22 


93 

^4 


5*18 


21 


5*18 


2 


5*11 


2 


5*10 


Z4 


4*90 


9ii 
^4 


4*89 


2 


4*65 


If 


4 *65 


^4, 


4*26 


2* 


4-21 


i-4 . 


3*97 


1| 


3*95 


X2 



mm. 




20 *4 


10 


27*5 


17 


51 *4 


37 


17*7 


7 


27*7 


18 


52*4 


40 


08 *o 


31 


35*2 


25 


36*6 


27 


25 *4 


13 


44 *4 


35 


38*5 


30 


36*7 


28 


32*6 


24 


52*4 


27 


14*5 


4 


25*6 


14 


29*7 


20 


18*2 


8 


20*7 


11 


41*0 


32 


J.O 


5 


lo *o 


5 


24*2 


12 


18*7 


9 


53*1 


41 


26*4 


16 


10*5 


2 


31*5 


23 


36*7 


28 


31*3 


22 


46*6 


36 


51*8 


39 


104 *7 


42 


42*1 


34 


51*4 


37 


25*7 


15 


9*3 


1 


27'9 


19 


29*8 


21 


35*8 


26 


11*9 


3 


41 *5 


33 



This ranking can hardly be taken strictly as it stands, but it will be 
valid on broader lines. Half the number of organs measured have an index 
of five and a fraction. An index of over 6*5 may safely be held to be 
unusually large, an index of below 4*5 unusually small. I should divide 
the whole group into two parts at the, index of 5*5 ; that gives two rather 
characteristic groups, in the first of which are many carnivora and some 
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much hunted animals, while the lower group consists mainly of herbivorous, 
insectivorous, and aquatic creatures. 

. It is of interest to note how low in the scale man stands. He is asso- 
ciated with the horse, the whale, the dromedary, the mole, the^ sheep, the 
hedgehog, and the sea-cow. Whatever an increased basilar membrane 
means functionally for hearing, whether it be a greater sensitivity or a 
greater pitch-range of hearing, or both, man can hardly claim to have any 
high power therein, if we may judge from the general impression of the 
power given by his associates in this Table. Amongst Dr. Gray's photo- 
graphs there are depicted many more regular and beautiful organs than 
man's. Music may require a great mind and a great soul, but it can hardly 
presuppose a very fine receptor organ. 

[16. In Table IV the positive correlation between the index of the basilar 
membrane and the number of whorls (cf. Table III) may be seen at a 
glance. But minor deviations from it are also apparent ; for example, one 
might have expected the capybara with 4J turns . to have the highest 
basilar index. And it is striking that the next organ on the list has only 
2| turns. Obviously some other variant must have caused these " short- 
time oscillations," so to speak. The measurements given for the capybara's 
organ suggest a likely cause. The photograph of that organ shows a high 
rate of curvature, the relation of the diameter of the second whorl to that 
of the first being only 64 per cent. So I reckoned a short-time fluctuation 
in relation to rate of curvature with the help of moving averages (groups 
of five organs) and the modifications of Karl Pearson's formula used in 
connection therewith, and found it to be —0*474 + 0*083. That is very 
nearly a decided correlation. And it indicates that an increased rate of 
curvature calls for more whorls, a wider second whorl for fewer whorls, 
than would generally be required by the functional demands summed 
together in the index of the basilar membrane. 

This result might have been deduced from the results stated in Park A. 
For if extra whorls are added on at the apex without alteration of the 
other dimensions, the extra amount of basilar membrane required in a 
cochlea with a wide second whorl will go into fewer turns than in a cochlea 
with a narrow second whorl. But it is well to derive it independently, 
for it clarifies the functional significance of the basilar index, showing it to 
be independent of the other variable features, and helps towards a reasoned 
understanding of the architectonic of the cochlea. — Added December, 1916.] 

17. Table V gives the ranking for the birds, if an index is taken from 
the highest correlation— the length of the tube of the cochlea divided by 
the major axis of the oval window. Here, again, a carnivore heads the list, 
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followed appropriately by the song thrush. By this method of calculation 
the dueked-billed platypus, which has a cochlea of approximately avian 
type, shows an index of only 2*0— the lowest in the Table. 

Table V. 



No. 



Animal. 



Index of 

basilar 

membrane. 



63 

74 

71 

68 

70 

72 

58 

64 

60 

59 

57 

56 

54 

66 

67 

62 

73 



Sparrow Hawk 

Song Thrush 

Slender-billed Cockatoo 

Crowned Crane 

Crowned Pigeon 

Burrowing Owl 

Cape Grannet 

G-reat Tinanio u 

Night Heron 

Cormorant 

Red-throated Diver 

Apter yx 

Ostrich 

Red Grouse 

Porphyria 

Buzzard 

Carrion Crow 



4*0 
3-5 
3-3 
3-0 



3 
3 
3 
2 
2 
2 



■0 

•0 

'75 
66 

57 



2-57 

2-5 

2'4 

2-33 

2*28 

2*25 

2-0 



C. General Remarks. — How do these results modify the generally accepted 
notions regarding the mode of action of the cochlea ? The chief point is that 
they clear up our ideas. The cochlea, it may be said, has usually been 
vaguely apprehended as a curious organ, and, like the sensations it yields, 
rather unique in its nature. But just as a renewed psychological analysis 
of the sensations of sound brings them into clear accord with the structure 
of the sensations of the other senses,* so this study brings the cochlea 
morphologically into line with the eye. Each is an organ in which certain 
main relationships hold universally, with minor variations for special 
purposes. The cochlea is perhaps more dependent upon the gross bulk of 
the organism than is the eye. 

Little is yet known directly about the auditory functions of the different 
animals. But the series given under " Animal " in Table IV seems more 
acceptable as an indication of auditory power than that formed by increase 
in the absolute length of the basilar membrane. We should hardly expect 
the finest hearing in the whale, the seal, (the tiger), the 'grey seal, the 
dromedary, (the capybara), the horse, (the aard-wolf, man ?), and the sea- 
cow— which is the order of decreasing cochlear dimensions. And the close 
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correlation of cochlear sizes with gross bulk makes any such assumption 
highly untenable. If this he granted, then it would seem that the absolute 
length of the basilar membrane (and, therewith, the scale of dimensions of 
the cochlea as a whole) is neither relatively, nor perhaps at all, important 
for efficiency of hearing. It is rather the index of the basilar membrane that 
counts, its length relatively to the size of the organ as a whole. This 
conclusion is supported by the fact elucidated above (10) that the chief 
internal variation of cochlear structure is the number of whorls or the 
relative length of the basilar membrane. 

But if we thus abrogate the importance of the absolute length of the 
basilar membrane, may we not also sacrifice the absolute breadth of it as 
well, and within limits the absolute number of its transverse fibres ? These 
limits seem inevitable, in so far as pitch discrimination could hardly be 
refined much beyond the subdivision given by the transverse fibres ; but in 
a larger organ it need not approach even within some distance of that sub- 
division. I have elsewhere (op. cit.) tried to prove that the most important 
property of the basilar membrane in its longitudinal aspect is its elasticity ; 
and that a functional or psychical hearing, in all respects similar or parallel to 
our own, in so far as its sensory integrations are concerned, might be got from 
any absolute length of basilar membrane. The perfection of its efficiency 
would depend only upon the elasticity of the membrane and its relative 
length. The results of this paper bear well with this theory. On the other 
hand, it must be noted that these results are not directly incompatible with 
the hypotheses of any of the chief physiological theories of hearing. 
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